INTRODUCTION
The iodo-acetyl radical interacts with the photosynthetic and respiratory systems of the unicellular green alga Chlordla pyrenoidosa. Before discussing these data, however, it will be convenient to review briefly certain theoretical concepts relative to photosynthesis.
It is customary to think of the process of photosynthesis as consisting of two major divisions. Various experimental procedures justify this conclusion, the following being that adopted in this paper. The method involves the use of intermittent illumination, the effect of which was investigated extensively by Warburg (1919) , who placed a rotating sector before his light source. Emerson and Arnold (1932) modified this technic by eliminating the sector and making the source itself intermittent, using a neon discharge tube fired periodically by discharging a condenser through it. Thus they were able to obtain very intense flashes of light lasting about 1 X 10 -5 seconds, separated by dark periods whose duration could be varied.
By means of their flashing light technic, Emerson and Arnold found the amount of photosynthesis per flash to increase with the duration of the intermi'ttent dark periods, rather rapidly at first, then more slowly as the maximum yield per flash was approached. Thus in C. pyrenoidosa the maximum yield per flash was obtained when the intermittent dark periods had a duration of about 0.035 seconds, the experimental temperature being 25°C. and saturation conditions (defined below) being maintained. As the maximum yield per flash was approached, simultaneously the sensitivity of the yield to cyanide and to temperature decreased, so that it was possible to maintain the 23
The Journal of General Physiology maximum rate, by suitably adjusting the dark times, in spite of a 20°C. temperature decrement or the presence of prussic acid. On the other hand, further increase of the duration of the intermittent dark periods did not compensate for low light intensity, the presence of indifferent narcotics, or the inhibitory effect of brief exposures to ultraviolet light (reported subsequently by Arnold (1933) ). For example, a 50 per cent inhibition of the rate in continuous light caused by ultraviolet irradiation (determined under saturation conditions), reduced the rate in flashing light by an equal percentage. On the basis of such experiments, the photosynthetic process is divided into two parts, (1) the photochemical reaction and (2) the Blackman reaction. The photochemical reaction absorbs radiant energy necessary for synthesis, is not markedly sensitive to temperature, and can be inhibited by ultraviolet light and the indifferent narcotics. The Blackman reaction is irMependent of light, is sensitive to changes of temperature and to cyanide, and can be eliminated as a limiting factor by the use of intermittent illumination. We may therefore regard the Blackman reaction as a process acting to restore the photosynthetic mechanism to a state which is sensitive to light and capable of binding carbon dioxide and releasing oxygen. Intermittent illumination is a device which, by allowing the Blackman reaction to run to completion, excludes it as a limiting factor. Accordingly, when the plants are saturated with respect to light intensity and carbon dioxide tension (saturation conditions), the rate of photosynthesis in continuous light is limited by the Blackman reaction. On the other hand, the photochemical reaction is limiting at low light intensities. The photochemical reaction may be made limiting under saturation conditions, however, by illuminating the cells with flashes of light separated by intermittent dark periods which permit the Blackman reaction to run to completion.
II

The Interaction of the Iodo-Acetyl Radical with the Photosynthetic Mechanism of Chlorella pyrenoidosa
Due to their interaction with some part of the Blackman reaction, as will be shown below, both iodo-acetic acid (CH2I. COOH) and iodo-acetamide (CH~I. CONH~) inhibit photosynthesis. ~ The cause of the inhibition must lie in the iodo-acetyl radical itself, since acetamide is without effect. The study of these actions, however, is complicated by the fact that such compounds penetrate the Chlorella cell rather slowly, because moderate external concentrations do not give immediate and constant inhibitions but appear to act for 1 or 2 hours, during which the rate of photosynthesis gradually decays. Such decay curves (cf. Fig. 1 ) might result also from the slowness of interaction between the iodo-acetyl radical and the sensitive locus of the photosynthetic mechanism, but it would appear from the data that this is not the limiting consideration.
The strongest argument in favor of the penetration explanation is that derived from the effect of pH on the action of the two poisons. If iodo-acetic acid be added to the cells suspended in carbonate buffer mixture IX, whose initial pH is 9.2, not even an 0.01 ~ concentration will cause an appreciable inhibition, whereas a similar concentration of iodo-acetamide inhibits almost completely (cf. Table I ). But if the acid be added to Knop solution, whose pH is about 5.3, then an inhibition will be observed, though the amide, per unit concentration, is still the more effective. The probable explanation of these facts rests upon the general rule that ions penetrate living cells less easily than neutral molecules of the same mass. At the pH of the carbonate buffer all of the iodo-acetic acid is in the ionic state, whereas at the lower pH of Knop solution an appreciable amount is undissociated. A somewhat analogous case has been investigated by Collander, Turpeinen, and Fabritius (1931) , who found, for instance, that ammonium acetate, which because of hydrolysis forms fewer ions, penetrates Rhoeo cells more rapidly than ammonium chlor-acetate. Table I also indicates that the amide penetrates more easily from Knop solution.
It is concluded, therefore, that the failure of iodo-acetic acid to inhibit photosynthesis under certain conditions is the result of its failure to reach the sensitive locus, and that in general, negative results with this poison are of no significance unless its penetration can be
The author wishes to express his indebtedness to Dr. David Goddard, of Dr. L. Michaelis' laboratory, The Rockefeller Institute, who suggested comparing the action of acid and amide, and who prepared the freshly crystallized compounds used.
established. Because it is much more convenient to study the photosynthesis of cells suspended in carbonate mixture IX (which provides saturation with respect to carbon dioxide tension), most of the experiments upon which this paper is based involved the inhibitory action of iodo-acetamide. It should be remarked also that the carbonate buffer method involves the measurement of oxygen production only.
As was pointed out in the introduction, either the photochemical or Blackman reaction can be made to limit the rate of photosynthesis by altering the experimental conditions, the cells being saturated with respect to carbon dioxide. The photochemical reaction is limiting at low intensities of continuous light, or in flashing light when the duration of the intermittent dark periods is adequate; the Blackman reac- tion is limiting at high intensities of continuous illumination. If the iodo-acetyl radical acts upon the Blackman reaction, we should expect the resulting inhibition to be decreased when the photochemical reaction tends to become limiting. That this is the case is proved by the curves of Figs. 1 and 2, which are typical of those obtained. All of the curves of Fig. 1 result from data obtained by the use of continuous light, the differences being due to changes in the concentration of inhibiting agent or the intensity of illumination. Curve 4, for instance, involves an iodo-acetamide concentration of 1.5 × 10 -4 at light saturation, and indicates that photosynthesis (oxygen production) was reduced 45 per cent at 35 minutes after the addition of the poison, and 70 per cent after 65 minutes. Curve 3 involves a similar concentration of amide acting upon cells from the s a m e culture, which were exposed, however, to a light intensity sufficient to achieve but 50 per cent saturation. In this case photosynthesis was not reduced at 35 minutes, and but 25 per cent at 65 minutes. Thus by making the photochemical reaction limiting, the effect of the amide is masked. The flashing light experiments, illustrated b y the curves of Fig. 2 , oomplete the proof. The first four points of the upper curve were made in flashing light, following the addition of iodo-acetamide to a concentration of 1.5 X 10 -~ ~. The rate of flashing was 15 per second, which gives intermittent dark periods of more t h a n adequate The concentration of iodo-acetamide was 1.5 × 10 .4 ~. Light saturation was maintained, The first four points of the upper curve were made in flashing light. Immediately after the fourth point, the cells were subjected to continuous illumination, the rate for which is indicated by the fifth point. The entire lower curve was made in continuous light.
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cent. The flashing light curve began to drop rapidly, however, after the 1st hour, so that by the eightieth minute the rate was down by 40 per cent. This is interpreted to mean that the intermittent dark periods were no longer adequate to compensate for the amount of amide present at the sensitive locus. Following the reading at the eightieth minute, continuous light of saturating intensity was substituted for flashing light, and the next reading fell on the control curve, made throughout in continuous light. This indicates that the presence or absence of light in this experiment had little effect on the penetration of the poison. The specific experimental details are given in the next section of this paper.
Curve 1 of Fig. 1 suggests that in addition to its inhibitory action, iodo-acetamide can increase the rate of photosynthesis. By using lower concentrations of amide at lower light intensities this accelerating action becomes more apparent. The increase, however, does not always appear, probably due to the fact that different cultures of cells require somewhat different concentratlons of amide to produce the same effect. Table II gives the data of three cases. Such data may be inaccurate to the extent of plus or minus 10 per cent because of the low rate of oxygen production, which gives but small manometer readings, and because a correction for respiration must be applied. If this supposed increase in the rate of photosynthesis be accepted as real, it is due to the interaction of the amide with the photochemical reaction.
Just why iodo-acetate should interact with the photosynthetic mechanism is a question which cannot be answered at present. Like cyanide it inhibits by way of the Blackman reaction, but this could hardly be interpreted to signify the presence of enzymes exactly similar (1933) indicates that iodo-acetate reacts readily with sulfhydryl groups; Michaelis and Schubert (1934) have extended these observations, and in addition have pointed out that primary amines (amino acids), on the alkaline side of neutrality, are attacked likewise. On the other hand, it is a commonplace to associate cyanide with heavy metal catalysis. It would therefore seem probable that iodo-acetate and cyanide interact with the photosynthetic mechanism at different loci within the Blackman reaction. These loci may or may not be on the same molecule. If iodo-acetate attacks chlorophyll, it would probably change the absorption spectrum of the latter. In order to check this, the absorption spectrum of a suspension of cells was determined from 4,000 to 7,000 A.u. (cf. Fig. 3 ). Since the presence of amide (4 × 10 -3 ~) was without effect, the c~aromophore groups of chlorophyll cannot be involved, and it is likely that the same is true for the whole molecule.
For purposes of comparison, the absorption spectrum of a methyl alcohol extract of Chloretla cells was determined, shown also in Fig. 3 . The concentration of chlorophyll in this extract was mad.e equal to that contained in the intact cells of Fig. 3 by extracting an equal quantity of cells and diluting to the appropriate volume. A comparison reveals that the spectrum of the cells has only a general resemblance to that of the alcoholic extract. Not only are the peaks of absorption considerably rounded in the plant, as compared to the alcohol extract, but the absorption in the green is more, and in the blue and violet is less. The well known shift of the peaks toward the FIo. 3. Per cent transmission plotted as a function of wave length for (1) Cklorella cells (solid line) suspended in carbonate buffer IX and (2) a methanol extract of Chlorella cells (broken line). The chlorophyll concentrations are equal. To correct for the effect of the absorption cell and suspending medium, divide all transmissions by 0.9. The unbroken curve was made by the Hardy color analyzer. The broken curve was traced from one made by the color analyzer, shown in Fig. 4.  FIG. 4 . Per cent transmission plotted as a function of wave length for (1) a methanol extract of Chlorella cells (C) and (2) a methanol solution of purified spinach chlorophyll (S). To correct for the effect of the absorption cell and solvent, divide all transmissions by 0.9. Both curves were made by the Hardy color analyzer. red when chlorophyll is in the plant has been confirmed. These incidental results appear to lend support to the views of Baas-Becking and Koning (1934). To assume that chlorophyll in vivo is in the colloidal state, according to them, does not explain satisfactorily all of the spectrophotometric data.
For reference, the absorption spectrum of purified spinach chlorophyll dissolved in methyl alcohol is shown in Fig. 4 . The greater absorption of violet light by the ChloreUa cell extract is probably explained by the presence of xanthophyll and carotin in such an unpurified preparation.
Iodo-acetate also affects the respiration of ChloreUa. Inhibition results from the use of concentrations higher than 1 X 10 -S ~. Below this as far as 1 × 10 -5 ~ increases of rate, as high as 100 per cent, have been obtained. The difference in threshold concentration for inhibition between respiration and photosynthesis indicates the fundamental independence of these two processes.
III EXPERIMENTAL
Cells from the strain used by Emerson were cultured in Knop solution according to his directions (1929), and grown in an incubator, maintained at 20°C., over several neon tubes. A mixture of 5 per cent carbon dioxide in air was bubbled through the cultures continuously. Since old cultures show a declining rate of photosynthesis per unit volume of cells, none was used in which the concentration exceeded 15-20 c.mm. per 10 cc. of culture medium. These healthy cells will produce, under saturation conditions at 20°C., somewhat better than their own volume of oxygen in 5 minutes, and this figure may be used as a factor to reduce the percentages of Figs. 1 and 2 to absolute amounts. The respiration of such cells, when determined in carbonate buffer IX, is from 5 to l0 per cent of their photosynthesis.
Photosynthesis was measured by the Warburg manometric method. This may be accomplished in two ways. The easiest is to suspend the cells in one of a number of carbonate-bicarbonate buffer mixtures, the properties of which are described by Warburg (1919) . Potassium instead of sodium salts were used, however, an innovation due to Emerson and Arnold (1932) . The chief action of the buffer mixture is to hold the carbon dioxide tension constant, so that the manometer measures the oxygen output of the cells. The buffer mixture used, IX, is composed of 15 parts of potassium carbonate plus 85 parts of potassium bicarbormte, the concentration being 0.1 5. This saturates the cells with respect to carbon dioxide tension and has, in the case of the sodium salts, a carbon dioxide concentration at 20°C. of about 8.5 × 10 -5 M, which would be in equilibrium with an atmosphere of approximately 0.002 to 0.003 carbon dioxide (Clark, 1928) .
In order to determine the exact amount of photosynthesis, a correction for respiration must be applied. The amount of gas exchange in the light is measured, therefore, and to this is added that which occurs in the dark. The underlying assumption is that respiration is not affected by the amount of illumination.
The photosynthesis of cells in Knop solution may be measured, after equilibrating the suspension with a mixture of 5 per cent carbon dioxide in air, by applying the suitable vessel constant, K, which is obtained from the following formula in which ko2 and kCo2 are the usual vessel constants:
For purposes of intermittent illumination, a neon discharge tube was placed in the constant temperature bath immediately below the Warburg vessels. This tube was fired by condenser discharges regulated by a commutator, turned on the shaft of a synchronous motor. The circuit is essentially that published by Emerson and Arnold (1932) , and the author is indebted to Mr. W. A. Arnold for the use of the apparatus.
The absorption spectra were made at the Color Measurements Laboratory of Massachusetts Institute of Technology, by means of the color analyzer available there. This machine, designed by Prof. A. C. Hardy, is a recording photoelectric spectrophotometer, and will plot, for instance, transmission as a function of wave length between 4,000 and 7#00 J~.u. in 3 or 4 minutes. The color analyzer is a null instrument, and its measurements are independent of the intensity and quality of the light source, the sensitivity of the photoelectric cell, and the gain in the amplifying circuit. The transmission recorded for any given wave length, in the present experiments, is really the average for a band of 100 J~.u. centered at that wave length. For further description of the instrument, the reader is referred to the article by Nutting (1934) .
The depth of the absorption cell used was 1 cm., and the concentration of Chlorella cells used was 1 c.mm. per cc., suspended in carbonate mixture IX. The transmissions recorded are uncorrected for those of the absorption cell and suspending medium, so that to obtain the true transmission of the algae, all readings must be divided by 0.9. This correction must be applied also to the curves for Chlorella and spinach chlorophyll. The solution of Chlorella chlorophyll was made by extracting 25 c.mm. of cells suspended in less than 0.5 cc. of Knop solution with absolute methyl alcohol for 2 hours. The colorless debris was centrifuged off, and the solution diluted with methanol to 25 cc. This solution of extracted chlorophyll was therefore of approximately the same concentration as the suspension of ceils examined. The methyl alcohol solution of spinach chlorophyll was diluted so that it would be approximately the same concentration as that of the Chlorella chlorophyll.
I O D O -A C E T A T E A N D PHOTOSYI~THESIS
CONCLUSIONS AND SUMMARY
Photosynthesis ill Chlorella pyrenoidosa is inhibited by iodo-acetic acid and iodo-acetamide, both of which attack the Blackman reaction. Since acetamide is without effect, the iodo-acetyl radical must be responsible. The study of the action of the acid is complicated by the fact that its ions penetrate slowly, if at all, so that negative results with this agent are without significance unless penetration can be established. The absorption spectrum of the cells is not affected by concentrations of iodo-acetamide which completely inhibit photosynthesis. This establishes that the chromophore groups of chlorophyll are not involved, and renders it unlikely that any other part of the molecule is. Inasmuch as cyanide likewise inhibits by way of the Blackman reaction, it would seem necessary to postulate that this complex can be attacked at two different loci, which may or may not be on the same molecule.
The presence of the iodo-acetyl radical also gives rise to three other effects. (1) Concentrations (10 -6 M or less) too small to inhibit photosynthesis may increase the rate by interacting with the photochemical complex. (2) Concentrations (ca. 10 -~ M) which inhibit photosynthesis increase the rate of respiration. (3) Concentrations (10 -3 ~ or more) higher than those required to inhibit photosynthesis inhibit respiration.
